Temporally resolved PDV is further developed by extending the technique from one component to two components. This is achieved by using a pulse burst laser with MHz rate repetition capabilities and two ultra-high speed framing rate CCD cameras. Each camera is used in a conventional splitter/recombiner PDV system to measure one component of velocity. These two measurements are then combined to resolve the u and w components of velocity. Very preliminary results on a newly constructed planar shear layer facility show the strong potential of this technique and identify a few issues that must be addressed in the next iteration of experiments.
I. Introduction
ITHIN the last few decades, a number of researchers have made significant advancements in high repetition rate imaging and flow diagnostics. Early works used rotating drum film cameras and white light spark sources (e.g. Mahadevan et al., 1994) to acquire qualitative schlieren movies of high-speed flow fields. Recent advancements in laser and camera technologies have enabled the development of laser sheet imaging techniques with framing rates on the order of 10 5 to 10 6 frames per second (Huntley, 1994 , Grace et al., 1998 , Labertaux et al., 1998 , Kaminski et al., 1999 , Hult et al., 2000 , Wu et al., 2000 , Miles et al., 2001 , Thurow et al., 2002 , 2003 . Although quite useful, these techniques are limited by the inherently qualitative data that they produce. To further our understanding of high-speed compressible flows, quantitative data acquired at repetition rates on the order of 10 5 to 10 6 Hz is needed. The development of one such system is the topic of the current work. Thurow et al. (2004a) used a home-built pulse burst laser system and a high-speed digital camera to develop a one-component planar Doppler velocimetry (PDV) system. Wernet and Opalski (2004) are currently developing a MHz rate particle imaging velocimetry (PIV) system based on a similar pulse burst laser system and a highresolution multi-CCD framing camera. PDV and PIV are both planar techniques (measuring velocity across a plane), however, they each possess characteristics that make them more suited for application to different flow fields. PDV was chosen for use in this study for a few reasons. One major reason is that PDV is much less sensitive to the size and number of particles used for seeding. Particle seeding is the main challenge in applications involving PIV and prohibits its application in many supersonic facilities where smaller particles and higher laser pulse energies are required. In addition, condensation (a.k.a. product formation) of water and other gases such as CO 2 can make accurate measurements difficult. PDV on the other hand, does not image individual particles and can use product formation to its benefit. This allows for its application in facilities where product formation may naturally occur or easily be instigated (through injection of vaporized acetone, ethanol, etc.) . This type of seeding produces much smaller particles (~50 nm in this study) and a continuous signal in space, allowing spatial resolutions to approach the resolution of the imaging system. For additional discussion concerning the various applications of PDV and PIV, the reader is referred to Samimy and Wernet (2000) .
With respect to the use of the pulse burst laser, PDV provides some additional benefits. PDV can obtain velocity data independently for each laser pulse that occurs and is not subject to the constraints on inter-pulse time separation that PIV is. In addition, PIV requires the use of high-resolution cameras, which are of limited availability at MHz rates. The relatively low resolution cameras used in this study can obtain a sequence of 28 images. Higher AIAA 2004 AIAA -2183 American Institute of Aeronautics and Astronautics 2 resolution cameras are typically limited to sequences between 4 and 16 images. Overall, this allows a PDV system to have more flexibility with regards to the overall timing of the pulses.
In a previous work (Thurow et al., 2004a) , we developed a one-component PDV system that could operate at up to 10 6 frame/sec with accuracies on the order of 15 m/s. Inherent to the PDV technique, however, this velocity vector was not within the plane of the laser sheet and subsequent analysis was not straightforward as a result. The addition of a 2 nd component of velocity will greatly extend the usefulness of MHz rate PDV as the resulting velocity measurements would include an in-plane component of velocity aligned with major flow direction, consequently making data analysis much more effective.
This paper details some of the progress made in developing a two-component MHz rate PDV system and its application to a planar shear layer flow. As the planar shear layer facility is a newly fabricated facility, which has not been described elsewhere, a brief description is provided. Results obtained using the two-component PDV system in a free shear layer formed of a Mach 1.5 and a Mach ~0.1 stream indicate that the extension of onecomponent PDV to two-components can be done with reasonable accuracy. In addition, the experience gained in the application of this technique to an enclosed facility will lead to improved results in the future.
II. MHz Rate Planar Doppler Velocimetry
Planar Doppler Velocimetry (PDV) is a powerful optical diagnostic technique that has the potential to measure all three components of instantaneous velocity over a two-dimensional plane within a flow field with high spatial resolution. This is accomplished by using an atomic or molecular vapor filter to measure the frequency shift of light as it is scattered by particles contained in the flow field. The Doppler shift, d f ∆ , is in turn related to the fluid velocity by the simple expression,
where s v is the unit vector in the direction of the scattered light, o v is the unit vector in the direction of the incident laser light, λ is the wavelength of the light and V v is the velocity vector of the flow. A typical one-component PDV system utilizes a pulsed injection-seeded Nd:YAG laser, one or two scientific grade CCD cameras and a molecular iodine filter. The laser is used to illuminate a plane of the flow with narrow spectral linewidth light. The Doppler shifted scattered light is then split into two paths using a beamsplitter and imaged on to the camera(s). In this manner the absolute absorption of scattered light, as it passes through an iodine cell placed in one of the beam paths, is measured for every spatial location within the object plane. For scattering by relatively large (as compared to molecular dimension) particles, this absorption is a function of particle velocity only. Accurate calibration and image mapping algorithms have been developed with the result that velocity accuracies of ~1-2 m/s is now achievable. More details concerning the history of PDV, the art of its application and recent advances can be found in comprehensive review articles by Elliott and Beutner (1999) and Samimy and Wernet (2000) .
The repetition rate of PDV is ultimately limited by the laser source and cameras. Commercially available lasers are typically limited to 10 -30 Hz with similar restrictions on readily available cameras of reasonable price. The extension of one-component PDV to higher repetition rates is detailed in Thurow et al. (2004a) . High repetition rates were achieved by integrating recent advances in laser and camera technology into an otherwise conventional PDV system. A home-built pulse burst laser with repetition rates up to 1 MHz was used as the light source. In addition, a specialized ultra-high framing rate CCD camera (Princeton Scientific Instruments) was used to capture filtered and unfiltered images of the flow at MHz rates. A detailed error analysis indicated errors on the order of 15 m/s with speckle noise being the main limiting factor. The addition of 2 nd component of velocity through the use of a 2nd PSI camera is part of the focus of the current work.
III. Experimental Facility, Apparatus and Arrangement

A. Compressible Planar Shear Layer Facility
A modular compressible planar shear layer wind tunnel facility has recently been designed and constructed in order to study the effects of compressibility on the growth and development of large-scale turbulence structures. A schematic of the facility is shown in Figure 1 and a photograph in Figure 2 . The design is similar to the planar shear layer facilities used in the works of Papamoschou and Roshko (1988) , Elliott and Samimy (1990) , Goebel and Dutton (1990) and Clemens and Mungal (1995) . The facility is constructed of 19 mm (¾") thick aluminum and anodized black. A splitter plate with lip thickness less than 1 mm is used to separate the high and low-speed streams. Both streams are 76.2 mm wide and 38.1 mm high. The high speed stream Mach number is controlled through a series of interchangeable nozzle blocks with contours designed using the method of characteristics. A nominal Mach number of 1.5 was used in this study. In the current configuration, the low-speed stream Mach number is determined by the entrainment of air from ambient into the shear layer, which is ~ 0.1 for the current work. The entrained flow is conditioned using a section of honeycomb prior to its entrance into the test section. The test section is 76.2 mm x 76.2 mm square and 500 mm long. Windows surround the test section on all four sides to allow optical access throughout the majority of the test section.
A schlieren system was used to determine the correct operating pressure for the Mach 1.5 nozzle. A representative average image is shown in Figure 3 . The measured Mach number is ~ 1.44 (stagnation pressure ~ 34 psig), slightly below the design Mach number of 1.5. The expansion fan and reflected shock seen in the image emanates from the splitter tip (12.7 mm of which is visible) and are weak. Static pressure taps were located on the top and bottom wall of the test section at downstream locations of 25.4, 76.2, 127, 177.8 and 228.6 mm through a specially modified window blank. The pressure is relatively constant by 127 mm and varies by less than 3% throughout the test section. Further evaluation and testing of the facility is currently underway with nozzles designed for Mach numbers of 1.0, 1.5, 2.0 and 2.5.
B. Pulse Burst Laser
The pulse burst laser is a second generation Nd:YAG laser system with the ability to produce a variable number of short-duration (~10 ns) laser pulses at repetition rates up to 1 MHz. The system has been described previously by Lempert et al. (1996) , Wu et al. (2000) , and Thurow et al. (2002 Thurow et al. ( , 2003a ). In the experiments described herein, a typical burst consists of 28 pulses separated in time by four microseconds each (250 kHz repetition rate) with an average energy of ~1 mJ/pulse at 0.532 microns. In general, pulse energies are not uniform over an entire burst of pulses and can vary on the order of 50%.
The pulse burst laser frequency characteristics are determined by the master oscillator, which is a Lightwave Electronics diode-pumped continuous wave (cw) non-planar ring laser operating at 1.064 microns. The cw laser outputs a single longitudinal mode with bandwidth less than 5 kHz. The pulse burst is formed by 'slicing' the cw beam, using two Pockels cells, and subsequent amplification in a chain of five Nd:YAG laser rod amplifiers. The output pulses are Fourier transform limited and have an estimated bandwidth of ~65 MHz for a measured pulse duration of 6.9 nsec at 1.064 microns. The center frequency is determined by the temperature-dependent index-ofrefraction and geometry of the Nd:YAG crystal within the cw laser and is tuned by adjusting the voltage input to a thermoelectric cooler in contact with the crystal. Across the entire voltage range of -10 to +10 V, the laser frequency experiences seven mode hops. In between mode hops, the tuning coefficient varies between 8.6 and 10.1 GHz/Volt. For the settings used in the current experiments, the tuning coefficient was measured to be 8.62 GHz/Volt.
Unlike typical pulsed Nd:YAG lasers whose frequency characteristics are achieved through injection seeding, the pulse burst laser is essentially an amplified seed laser. In conventional pulsed Nd:YAG lasers, cavity mirror dithering must be used to match the frequency of the linear oscillator with the frequency of the injection seed laser. This leads to pulse to pulse fluctuations in laser frequency on the order of 20 MHz. In addition, a small frequency variation across the beam profile, termed frequency chirp, may arise from the use of linear oscillators. The pulse burst laser, lacking a linear oscillator or injection seeder, should not experience either of these effects. A frequency measurement system with 12 MHz resolution could not detect any pulse to pulse changes in laser frequency (Thurow et al, 2004b) .
C. Iodine molecular filters
Three iodine molecular filters were used in these experiments; two for determining the absorption of scattered light and the other for monitoring the frequency of the excitation laser. The cylindrical cells have dimensions 10 cm (length) x 10 cm (diameter). The iodine cell for frequency monitoring was prepared with an iodine partial pressure of 4.28 torr and pressure broadened with Nitrogen at 41 torr, while the two other cells were prepared with 3.05 torr iodine and 30.0 torr Nitrogen. Electric heating tape surrounds the cells and is used to keep the cell's temperature at approximately 130 °C. The cells were calibrated with the pulse burst laser before and after the experiments using the frequency monitoring system described in Thurow et al. (2004b) . Figure 4 is a graph of their calibration about the absorption well located at 18789.28 cm -1 .
D. Ultra-high framing rate cameras
Two cameras were used in the current set of experiments, both manufactured by Princeton Scientific Instruments (PSI). Each camera can capture up to 28 frames at framing rates as high as 10 6 Hz. High frame rates are achieved by shifting charge produced at each pixel location to an array of individual memory modules contained next to each pixel location. In order to preserve a moderate fill factor (~50%) and due to the short exposure times associated with high-speed imaging, the pixels are quite large (~115 microns). This attribute is particularly suitable for MHz rate PDV as it increases image intensity and reduces speckle noise considerably. Each camera was built using nearly identical CCD chips with 82 x 161 pixel resolution and will simply be referred to as 'camera 1' and 'camera 2' throughout the rest of the paper. In addition, both cameras were tested for linearity by exposing them to a uniform source of light and placing various neutral density filters in the path. Each camera exhibited less than 1% non-linearity.
E. Experimental Arrangement
The experimental arrangement is shown in Figure 5 with photographs in Figures 6 and 7 . The arrangement consists of two PDV measurement stations mirroring one another. Each station utilizes a splitter/recombiner system similar to those originally developed by McKenzie (1996) , Smith et al. (1996) , and Clancy and Samimy (1997) . Scattered light from the flow field is split into two using a beamsplitter and recombined at the camera using a system of mirrors. A polarizer is placed in front of the beam splitter to remove any dependence of the beam splitter's properties on incident polarization. One of the images is directed through the iodine cell while the other is passed through a neutral density (ND) filter of 0.6 strength. This provides a balance of image intensity between the signal and reference images. An f/# 2.8, 80-200 mm focal length zoom lens is used to produce an image on the CCD chip.
In order to obtain a measurement of velocity (u) coincident with the predominant direction of the flow (i) in a two-component PDV system, the laser sheet's incident direction must also be in the i direction. In the current system, both the i and k components of velocity (u and w) are resolved as shown schematically in Figure 8 . Introduction of the laser sheet along this direction, however, poses a problem as the optics must be shielded from the flow to prevent damage and/or movement of the laser sheet during run. As such, a crude housing was assembled and bolted to the floor downstream of the facility. The front of the housing was wedged shaped to divert the flow around the outside of the optics housing. The front of the wedge contained a quartz window through which the laser sheet could pass and intersect the flow at the test section.
IV. Experimental Procedure
Variations exist among different researchers as to the specific method used to reduce the acquired signal and reference images to a velocity measurement. Regardless of preference, the main steps in any PDV experiment consist of image alignment, flat field correction and conversion to velocity. The image alignment and calibration procedure is similar to that described in Thurow et al. (2004a) . As opposed to placing a dot card or white card in the plane of the laser sheet, the laser sheet itself is used to provide alignment and calibration images. These images are acquired with the laser tuned to full transmission through the iodine filter, thus producing nearly identical images for all views (two filtered and two unfiltered). An algorithm implemented in Matlab based on two dimensional crosscorrelations (in many regards similar to PIV) is used to determine the appropriate image transformation so that all images are mapped to the same plane. These images are then used to determine the flat field response of each camera. In this work an incense stick is used as a source of light scattering particles. The velocity is low enough (< 1m/s) that any intensity variations due to Doppler shift is negligible. Figure 9 shows a typical image acquired using this method. Initially, it was believed that this type of image would be ideal for image alignment and calibration. The image exhibits large sweeping features with considerable variation in image intensity. The large sweeping features, although clearly identifiable, do not exhibit enough smaller detail, however, to achieve the subpixel accuracy in alignment that is desirable and achievable in PDV. As will be discussed later, this has a profound influence on the accuracy of the results presented here. Alternative methods of image alignment are currently being explored.
Once the image alignment and calibrations are performed, the experimental data can be processed to determine velocities. The procedure is straightforward. First, the images are loaded into Matlab, background subtracted, and image transformation applied so that both images are mapped to the same plane. Before finding the ratio between the two images, one has the option of applying an image filter to remove any noise that may be present in the raw images. The choice of filters varies widely and is largely a matter of preference. The filter used here will be discussed shortly. Following image filtering, the calibration (gain and offset) was then applied to the images and the signal divided by the reference yielding a transmission ratio for each pixel location. The respective frequency shift at each location is then obtained by interpolation using the data in Fig. 4 .
Initial experiments using this two-component PDV system were conducted on the planar shear layer facility discussed above. A 40 x 40 mm region of the flow centered 200 mm downstream of the splitter plate was imaged. The camera resolution was 0.67 mm/pixel, however, filtering of the images degraded the measurement resolution to 2 mm in the streamwise (horizontal) direction and 3.3 mm in the transverse direction. Seed particles are introduced into the high-speed stream by the addition of a small amount of acetone (<1% by mass) about 15 m upstream of the facility's stagnation chamber, which evaporates prior to reaching the nozzle plenum. Upon expansion to supersonic velocity the gas phase acetone condenses into tiny particles estimated to be on the order 50 nm (Elliott et al., 1992) . Seeding of the flow is further enhanced in the mixing layer as water vapor from the ambient air, entrained into the jet, also condenses upon mixing with the cold jet core fluid. In this respect, the signal within the mixing layer is quite high relative to the free stream flow. The low-speed stream was not seeded in this study, but will be in future studies.
The laser frequency was set to transmit roughly 20% of light at 0 m/s (8.36 V, see Fig. 4 ). A frequency monitoring system was used to measure and calibrate the laser frequency before, during, and after experimental runs. The system is described in Thurow et al. (2004a) and was modeled after the monitoring systems described by Mosedale et al. (2000) and Crafton et al. (2001) and used a modified version of the software described by Crafton et al. (2001) . As mentioned earlier, the laser is quite stable and not prone to frequency jitter. Nonetheless, frequency monitoring was employed during the runs to monitor any long-term frequency drift that may occur.
V. Preliminary Result
The results presented here are very preliminary and part of the development process of two-component MHz rate PDV and its application to a planar shear layer facility. In addition, these results were obtained within two weeks of this publication and are presented here without any opportunity to make adjustments and reiterate the experiments. Figure 10 shows a typical set of four instantaneous images from which velocity data is to be extracted. The most notable feature is the presence of strong horizontal bands of high and low intensity light. These bands of light are believed to be due to an aero-optic effect. As the light sheet propagates towards the imaging region, it must traverse upstream through the test section (Fig. 5) . As the index-of-refraction is proportional to density, light rays are refracted off-axis by spatial variations of density within the flow thus causing the observed variations in light intensity. A similar phenomenon was observed in the aero-optics study of Dimotakis et al. (2001) .
Ideally, these variations in light intensity should be removed when the images are. Unfortunately, the image alignment method used here was less effective than anticipated. As mentioned, the effectiveness is believed to be hampered by the lack of small scale structure within the alignment images (see Fig. 9 ). In an effort to work around this issue, the images were filtered using a 5 x 3 kernel: h This effectively 'low-pass' filters the image with an added emphasis on the vertical gradients. Figure 11 shows the four images after the use of the filter. The magnitude of the horizontal streaks is greatly reduced, however, the resolution of the resulting measurements will also be reduced by an equivalent factor. Even after filtering, some horizontal streaking is prevalent in the images. Figure 12 shows the ratioed images for each camera. The image for camera 2 appears to be quite good while the image from camera 1 retains some artifacts of the streaking. Figure 13 shows the magnitude of the resulting velocity vectors, V 1 and V 2, as indicated in Figure 8 . In the conversion to velocity, any pixels with signal intensity below 250 (near background) or above 12000 (near saturation) units are set to zero. Again, the results demonstrated in camera 2 are better than camera 1. The lower quality of images from camera 1 becomes even more problematic when calculating the u and w components of velocity as they are functions of both V 1 and V 2 . Figure 14 depicts these two components of velocity for this case. The w component of velocity, which is typically quite low, is quite affected by the noise in the images and makes further analysis difficult.
On a somewhat positive note, Figure 15 is the average u component of velocity. The horizontal streaking has averaged out and a good average image is produced. The mean free stream velocity is ~ 400 m/s, which is in close agreement to the 410 m/s expected. In addition, Figure 16 shows the rms of streamwise velocity (u'). Clearly, the issues discussed will affect these measurements. The increased turbulence within the shear layer, however, is clearly evident in the images.
An additional concern for the application of PDV to a wind tunnel is the condition of the window before, during and after an experiment. As the flow is unheated and supersonic, the resulting low temperature causes water to condense on the outside of the facility. In these experiments, hair dryers were used to keep the windows free of condensation; however, condensation is difficult to avoid on the inside of the window when the flow is stopped. In addition, each time the facility is run, small amounts of oil and grease are deposited on the windows as the facility is brought to a stop. This necessitates that all calibration images be obtained beforehand as the oil and grease can affect the quality of images obtained.
VI. Conclusions
In spite of the problems described and the lack time to remedy some of these problems, these experiments were quite successful considering that the facility is newly constructed and assembled only two weeks ago and this is the first time that two-component MHz rate PDV has ever been conducted. The main issue surrounding the application of MHz rate PDV to a compressible planar shear layer facility is the horizontal streaking that occurs as a result of bringing the laser sheet directly into the flow. This problem was exasperated by the less than optimal image alignment between the two views of camera 1. As evidenced by the relatively good data produced from camera 2, it is felt that this problem can be minimized through a more rigorous and careful image alignment routine. Further investigation, however, is warranted.
A key attribute of the PDV system that has not been really touched upon is the time resolution of the system. All of the current data was acquired with a repetition rate of 250 kHz. The ability to acquire data at this rate, even if at a reduced spatial resolution, is substantial and will allow for detailed and extensive studies of high-speed compressible flow fields. We are confident that further iteration of the experiments described herein will produce much improved data and lead to new discoveries concerning compressible free shear layers. 
